We developed new polymer nanoparticles containing quantum dots with artificial cell membrane-biointerface as a highly sensitive bioimaging probe. These nanoparticles were prepared by assembling phospholipid polymer as a platform and oligopeptide as a bioaffinity moiety on the surface of the nanoparticles. They showed high resistance to non-specific cellular uptake from HeLa cells due to the nature of phospholipid polymer with phosphorylcholine groups. On the other hand, when arginine octapeptide was immobilized on their surface, they could permeate the membrane of HeLa cells effectively and good fluorescence based on quantum dots could be observed. Cytotoxicity and inflammation reaction were not produced by these nanoparticles even after immobilization of octapeptide. Thus we obtained stable fluorescent polymer nanoparticles covered with artificial cell membrane, which are useful as an excellent bioimaging probe evaluation for biomolecular function in the target cells.
INTRODUCTION
Tremendous attention has been paid to completely understanding of various biomolecule functions in the fields of medicine, pharmacology and biology. In general, the role of a biomolecule is evaluated by immobilizing it on the supporting materials for analysis (fluorescent proteins, or nanoparticles, and so on.) [1] . However, the specific interaction between biomolecule and cell has not been precisely assessed because the supporting materials themselves also interact with the cell and cause the unwished phenomenon: for example, nonselective cellular uptake of the nanoparticles [2, 3] . In addition, the long-term monitoring is essential for kinetically analyzing biomolecules. Thus, there is a critical need to fabricate the biocompatible materials having the abilities to suppress the non-specific interactions between the materials themselves and cell and to be constantly traced by non-invasive fluorescence microscopy.
Quantum dots (QDs) have gained much interest as a promising alternative to organic dyes for biological imaging. QDs ranging in size between 2 nm and 6 nm have unique optical properties: material-and size-dependent emission spectra, a wide absorption spectrum, high quantum yields, simultaneous multi color emissions, and especially excellent resistance to photobleaching [4, 5] . This photostability is a critical feature in most fluorescence applications, particularly for long-term monitoring of labeled substances, and is an area in which QDs have a singular advantage over organic dyes. As QDs themselves are hydrophobic, the key to developing QDs as a tool in biological systems is to achieve good dispersion ability in an aqueous medium, and compatibility with biological components including cells. In spite of numerous efforts [6, 7] , the problems of cytotoxicity and the nonselective cellular uptake of QDs remain.
2-Methacryloyloxyethyl phosphorylcholine (MPC) polymers have been synthesized by free radical copolymerization with hydrophobic monomers as biocompatible materials [8] . The MPC polymers have found a number of biomedical applications [9, 10] because they can provide an artificial cell membrane through coating, blending with other polymers, and grafting to the polymer substrates [11] . By controlling the composition of the MPC units in the polymer and the molecular weight of the polymer, water-soluble polymers such as poly(MPC-co-n-butyl methacrylate (BMA)-co-ω-methacryloyloxy poly (ethyleneoxide) oxycarbonyl 4-nitrophenoyl (MEONP)) (PMBN, Figure  1 ) or poly(MPC-co-BMA-co-p-vinylphenylboronic acid), could be synthesized [12, 13] . We have reported the preparation of artificial cell membrane-covered nanoparticles using amphiphilic PMBN and water-insoluble polymers such as poly(L-lactic acid) (PLA) and polystyrene as a core material, and their applications in various biological fields [13] [14] [15] . These nanoparticles are easy to produce, and show the bioinert abilities to suppress nonspecific protein adsorption [15] , to avoid phagocytosis from macrophage-like cells [9] , and to sustain the activity of antibodies immobilized onto their surfaces [15] . That is, the phosphorylcholine group coverings suppress non-specific interactions between bulk materials and cell, and create a specific affinity by ligand molecules immobilized on the surface. Additionally, it remains possible that various organic-inorganic hybrid nanocomposites could be fabricated by incorporating inorganic substances inside the PLA matrix. Thus, PMBN, PLA and QDs are the best candidate-materials for preparing tools to overcome the above-mentioned problems.
In a previous paper [16] , we reported that our polymer Figure 2 ) had the abilities to highly resist to nonselective cellular uptake from HeLa cells and to permeate the membrane of HeLa cells effectively when arginine octapeptide (R8) was immobilized on the surface of the nanoparticles.
In this manuscript, we continued these studies to obtain a better understanding of the nature of PMBN/PLA/QD. In comparison to the original paper, we quantified the kinetic behavior of PMBN/PLA/QD in/on cells and investigated whether inflammation response is induced or not. Furthermore, the availabilities of various octapeptides as a cell-penetrating peptide (CPP) were evaluated by using PMBN/PLA/QD as a platform.
2. EXPERIMENTAL SECTION 2.1 Quantification of the kinetic behavior of PMBN/PLA/QD. HeLa cell line was used as the model system for our studies. HeLa cells were grown at 37° C and 5% CO2 in Dulbecco's Modified Eagle Medium (D-MEM), supplemented with 10% fetal bovine serum and were passaged twice before the start of experiments. PMBN/PLA/QD was prepared and conjugated with R8 (R8-PMBN/PLA/QD) by a previously reported method [16] . As a control, the active ester unit of PMBN/PLA/QD was blocked with a simple amino acid, glycine, to avoid the reaction with the serum proteins. For quantification of the amount of cellular uptake of nanoparticles, HeLa cells were seeded into 12-well plates at 1.0 x 10 4 cell/well in 1 mL of culture medium. After incubation of 24 hours, the medium in the 12-well plates was replaced with 1 mL of QD-containing medium (final QD concentration was 100 nM). QDs in culture medium were incubated with cells for 15, 30 minutes, 1, 3, 5, or 7 hours. After incubation, the cells were detached from 12-well plate using trypsin and washed by centrifugation at 1,000 rpm for 3 min. After washes, HeLa cells were resuspended with 30 L of PBS and sonicated.
The amount of the uptake of PMBN/PLA/QD was determined from the fluorescent intensity of the final solution based on free PMBN/PLA/QD solution by using microliter fluorescence spectrometer (ND-3300; Thermo Scientific, Delaware, U. S. A.). To reduce the autofluorescence, we chose QD having the peak emission at 620 nm.
Confocal microscopic observation
For confocal laser-scanning microscopy (CLSM), HeLa cells were seeded into 3 cm glass bottom culture dishes at 6.0 x 10 4 cells/mL in 1 mL of culture medium and were grown to 40-60% confluency before QD treatment. The medium in the 3 cm glass bottom culture dishes was replaced with 1 mL of D-MEM containing 100 nM R8-PMBN/PLA/QD and incubated for 5, 15, 30 minutes, 1, 3, or 5 hours. After incubation, the 3 cm culture dishes were rinsed three times with 1 mL of PBS and the medium was replaced with 1 mL of pre-warmed PBS. QDs were imaged in HeLa cells using a laser scanning confocal microscope (LSM-510; Carl Zeiss, Oberkochen, Germany) with a 60x objective. QDs were excited with a 488 nm Ar laser line with filter-based emission channels of 500-530 nm.
Confocal-DIC images of HeLa cells were obtained by excitation with a 633 nm HeNe laser line.
2.3
The evaluation of the production of the inflammation reaction induced by PMBN/PLA/QD Mouse macrophage RAW264.7 cell, known for its sensitivity to inflammatory response, was used as a model system. RAW264.7 cell (precultured in 12-well plate at 1.0 x 10 5 cell/well in 1 mL of culture medium) was incubated with PMBN/PLA/QD for 24 h. After incubation, the inflammatory response was measured by using real-time reverse transcription polymerase chain reaction (RT-PCR). Total RNA was isolated from RAW264.7 cell and cDNA was generated with a GeneTube kit (Sumitomo Bakelite Co., Ltd., Tokyo, Japan). Twenty microliter of RT products was used in RT-PCR with SYBR Green. Oligonucleotides TNF-α-F (5'-GAGCAGCTGGAGTGGCTGCTGAG-3') and TNF-α-R (5'-TAGACCTGCCCGGACTCCGC-3') were used for detection of tumor necrosis factor-alpha (TNF-α); GAPDH-F (5'-AATGTGTCCGTCGTGGAT CT-3') and GAPDH-R (5'-CCCTGTTGCTGTAGCCG TAT-3') were used for glyceraldehydes-3-phosphate dehydrogenase (GAPDH). The expression of TNF-α mRNA was standardized as the relative value to that obtained for GAPDH mRNA. As a negative and positive control, a normal cell and the cell with 100 ng/mL lipopolysaccharide were used respectively.
The assessment of the abilities of various octa peptides as a CPP
To assess the main factor determining the abilities of oligopeptides as a CPP, we selected various octapeptides that consist of one kind of amino acid (octa-tyrosine (Y8), octa-asparagine (N8), octa-glutamic acid (E8), octa-histidine (H8), octa-lysine (K8), or octa-arginine (R8)). These peptides were conjugated with PMBN/PLA/QD respectively. HeLa cell (seeded into 12-well plates at 1.0 x 10 4 cell/well in 1 mL of culture medium) was incubated with each octapeptide-conjugated PMBN/PLA/QD for 5 h. The quantification of the uptake of PMBN/PLA/QD was performed in the same way in the section 2.1. In a Figure 3 , a plot of the intensity of each PMBN/PLA/QD in cells versus incubation time shows that glycine-masked PMBN/PLA/QD (glycine-PMBN/PLA/QD) completely suppress the nonselective uptake from HeLa cells. We also confirmed that no glycine-PMBN/PLA/QD was uptaked by HeLa cell even after incubation for 24 h. This result indicated that our PMBN/PLA/QD can obtain the highest signal to noise ratio among all existing imaging probes because there is no background fluorescence caused by nonselective uptake of imaging probes. On the other hand, R8-conjugated PMBN/PLA/QD internalized effectively into cells. The uptake of R8-PMBN/PLA/QD significantly increased within first 15 min, but the uptake rate gradually slowed and reached a plateau at 1 h. This result is in good agreement with a previous research [17] . However, we cannot obtain from only this information where R8-PMBN/PLA/QD located in the cell at each time. Thus, further research about the location of R8-PMBN/PLA/QD was required.
Confocal microscopic observation
For determining the location of R8-PMBN/PLA/QD at each time, HeLa cells incubated with R8-PMBN/PLA/QD was observed by CLSM. Figure 4 shows that R8-PMBN/PLA/QD attached immediately to the cell membrane within first 5 min and began to internalize into endosome at 15-30 min. The amount of internalized R8-PMBN/PLA/QD increased at 1 -3 h and whole R8-PMBN/PLA/QD which attached to cell membrane entered into endosome in 5 h. These results revealed the kinetic behavior of R8-mediated interanalization into the cell. Several lines of evidences demonstrated that the PMBN/PLA/QD is a most suitable analytic tool for kinetic analysis of biomolecules.
The evaluation of the inflammatory response induced by PMBN/PLA/QD
We reported that PMBN/PLA/QD have no cytotoxicity for 3 days even after internalization in HeLa cells [16] . However, there are some possibilities of the induction of inflammation reaction even when no cytotoxicity appears. Thus, more studies are required with respect to the inflammatory response. Figure 5 shows the relative expression of TNF-α mRNA to GAPDH mRNA in RAW264.7 cells incubated with R8 or glycine-PMBN/PLA/QD for a day. No significant difference between negative control and PMBN/PLA/QDs in the expression of TNF-α mRNA was observed. This indicated that phosphorylcholine groups on the surface of PMBN/PLA/QD suppress the inflammatory reaction in RAW264.7 cells even when internalizing into cells due to the CPPs. This suppress effect is in good agreements with previously reported results [9] . From these findings, our PMBN/PLA/QD can eliminate the unwished interactions between probes themselves and cell, such as a nonselective cellular uptake, cytotoxicity and inflammation response.
The assessment of the abilities of various octa peptides as a CPP
Many research groups reported that arginine-rich peptide is useful as a CPP [16] . However, the abilities of other oligopeptides to penetrate the cell membrane have not been well characterized. Thus, we evaluated the function of various octapeptides as a CPP by using our PMBN/PLA/QD as an analyzing tool. We selected the octapeptides having simple sequences constructed from just one kind of amino acid, tyrosin (Y, hydrophobic), asparagine (N, hydrophilic), glutamic acid (E, hydrophilic and anionic), histidine (H, hydrophilic and weakly cationic), lysine (K, hydrophilic and cationic), or arginine (R, hydrophobic and cationic). As shown in Figure 6 , only K8 and R8 conjugated PMBN/PLA/QD could internalize in HeLa cells. Other research group also reported R8 and K8 work as a CPP [18] . This result indicated that the hydrophilic and cationic nature of oligopeptides play a key role in the cell membrane permeation. In order to understand the mechanism of cell penetration induced by these hydrophilic and cationic oligopeptides, it will be required to investigate the relationship between surface cationic density on the nanoparticles and cell membrane permeation.
CONCLUSION
Many important applications of nanotechnology would not be achievable without proper design of nanosturcture. As integrative field of biomedical nanotechnology evolves, more systematic approaches for the chemical design of nanostructures will be required. Furthermore, as the researchers start to construct multifunctional nanostructures, the interface between nanostructure and biological environments will be critical. In this study, our artificial cell membrane-biointerface can provide the imaging probes with the abilities to suppress completely the interactions between imaging probes themselves and cells. This biointerface is necessary to study the fundamental information of the biomolecular behavior in cellular environments. We described the kinetic behavior in cytoplasm of our polymer nanopartcles containing QDs with artificial cell membrane-biointerface. Although this nanoparticles can avoid the nonselective cellular uptake from mammalian cells, when bioactive molecules were immobilized, our nanoparticles can provide the various information about the specific interaction between biomolecules and cells. From these findings, we conclude that the nanoparticles are candidates for the role of stable and highly sensitive fluorescent bioimaging probes in the fields of nanotechnology.
